The present article deals with the studies related to electrochemical corrosion behaviour of alkali treated (AT) and alkali heat-treated (AHT) Ti-6Al-7Nb alloy in Hanks solution. The treated alloys were immersed in Hanks solution for various durations. Potentiodynamic polarization measurements were conducted for both AT and AHT specimens, immediately and after the optimum days of immersion in Hanks solution, pre-determined from open circuit potential (OCP) studies and morphological characterization such as scanning electron microscopy (SEM) and energy dispersive X-ray analysis (EDAX). EIS measurements were also carried out during this period. The polarisation curves showed a shift in corrosion potential towards positive direction for both AT and AHT specimens after optimum days of immersion in Hanks solution. EIS data obtained at different durations of immersion in Hanks solution indicated a change in resistance and capacitance values. FT-IR spectroscopic analysis was carried out for the optimum period of immersion in Hanks solution which confirmed the apatite growth on the treated alloys.
INTRODUCTION
The superior corrosion resistance of titanium and its alloys, stainless steel and Co-Cr alloys for orthopaedic applications has been widely reported [1] [2] [3] . Among the titanium alloys, Ti-6Al-4V has been used for many years as implant materials [4] [5] . Concern over leaching of vanadium ions after implantation, causing hazardous side effects in the patient [6, 7] , lead to the development of new alloys with non-toxic elements such as Nb, Ta and Zr [8, 9] . Ti-6Al-7Nb is one such alloy, in which V was replaced by Nb. An enhanced biocompatibility and an effective bonding of the implant to the bone were reported with a coating of bonelike apatite over these titanium implants. Recently, it was reported that the chemically treated titanium have the capability to induce bone-like apatite formation, both in vivo and in vitro [10, 11] . A number of chemical pretreatment such as alkaline treatment [12] , acid treatment [13] , H 2 O 2 treatment [14] and coating methods such as solgel coating of TiO 2 were formulated [15] by various research groups in an attempt to achieve a bioactive surface on titanium substrates. More recently Kim et al. [16] reported that amorphous sodium titanate hydrogel, obtained by exposing pure titanium to alkaline solution and a subsequent heat treatment would induce apatite formation when soaked for a period of time in Hanks solution. It was reported that the apatite formed strongly bonded to the implant and enhanced ossteointegration. A good amount of research reports on AT and AHT titanium are available. The surface characterizations of alkali treated titanium are well documented. Tamilselvi et al [17, 18] reported the corrosion behaviuor of untreated Ti-6Al-7Nb and Ti-5Al-2Nb-1Ta alloys in Hanks solution. However, attempts on the corrosion behaviour of alkali and alkali heat-treated titanium alloys are not yet reported. The aim of the present work was to assess the corrosion behaviour of treated Ti6Al-7Nb alloy in simulated body fluid solution using OCP, polarisation and electrochemical impedance spectroscopy.
Further, the surface characterization of AT and AHT Ti6Al-7Nb alloy immersed in Hanks solution was carried out using SEM-EDAX and FTIR analysis.
METHODS AND MATERIALS
Ti-6Al-7Nb alloy was used as the substrate. Chemical treatment was performed by soaking the TI-6Al-7Nb in 5 mL of 10 M NaOH aqueous solution at 60 C for 24 hrs, then they were gently washed with distilled water and dried at 40 C for 24 hrs in an air atmosphere. The subsequent thermal treatment was done by placing Ti-6Al-7Nb alloy in an aluminum boat heated at 600 C for 1 h in an electric furnace and allowed to cool to room temperature in the furnace. The Hanks solution was prepared by dissolving the reagents of composition (g/L) 8.00 NaCl, 0.35 NaHCO 3 Each specimen was soaked in 25 mL of Hanks solution for different durations. After certain durations, the specimens were removed from Hanks solution, washed with distilled water and dried at room temperature. The specimens were analyzed using scanning electron microscope (SEM) after immersion in Hanks solution. SEM images were taken for untreated, alkali and alkali heat-treated samples, using the instrument; JSM-840A, JOEL-Japan, Link ISIS, Oxford instrument UK, in combination with an energy dispersive X-ray analysis (EDAX). The functional groups of the apatite formed on the surface were characterized using FT-IR Perkin-Elmer, USA. The specimens were carefully scratched and the resulting powder was mixed with KBr and pressed to form a pellet. This pellet was analysed using FT-IR ranging from 400 -4000 cm -1 . The electrochemical cell consists of a platinum electrode as the counter electrode, saturated calomel electrode as the reference electrode and Ti-6Al-7Nb alloy as working electrode with the size of 1 cm 2 . Potentiodynamic polarisation studies were carried out for alkali and alkali heat-treated Ti-6Al-7Nb alloy immersed in Hanks solution at a scan rate of 1 mV/s. Potentiostat (model PGSTAT 12 with FRA, Autolab, The Netherlands B.V.) controlled by a personnel computer with dedicated software viz., General Purpose Electrochemical System (GPES version 6.0) was used for conducting the polarisation experiments. In order to obtain reliable results, polarization experiments were triplicated in Hanks solution. EIS studies were carried out at open circuit potential using an electrochemical system Frequency Response Analyser (FRA), Ti-6Al-7Nb alloy with an exposed surface area of 1 cm 2 were used as the working electrode and its frequency range of 10 4 Hz to 10 -2 Hz with a 10 mV amplitude sine wave generated by a FRA.
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RESULTS AND DISCUSSION
The SEM and corresponding EDAX results for untreated, chemically and thermally treated Ti-6Al-7Nb alloy are shown in Fig. 1 (a-c). The SEM micrographs of untreated Ti-6Al-7Nb alloy showed a smooth surface and the EDAX results exhibited Ti, Nb and Al peaks (Fig.1a) . The SEM micrographs of the chemically treated alloy showed a porous network structure and the corresponding EDAX results revealed the presence of Na along with the typical Ti, Al and Nb (Fig. 1b) . The porous network structure observed in chemical treatment was changed into densified form after the thermal treatment. The corresponding EDAX data indicated the reduction in intensity of all the elemental peaks (Fig. 1c) .
The untreated and treated alloys were immersed in Hanks solution for 15 days and the corresponding morphological studies were carried out at regular intervals. For chemically treated specimens, the complete apatite growth was observed after 10 days. However, the similar apatite coverage occurs within the 7 days for AHT. The apatite formations for the chemical and thermal treatments were identical except that of immersion time. Since, no distinct features were observed for different treatments, a representative SEM and EDAX results is presented, which corresponds to AHT specimen immersed in Hanks for 7 days. The EDAX results indicated the presence of Ca and P peaks over the surface of treated alloys (Fig.1d) .
In order to confirm the new layer formed over the treated surface, FT-IR analyses were carried out for the specimens. Fig.2 shows FT-IR spectra of the AHT Ti-6Al-7Nb alloy soaked in Hanks solution for 7 days. A broad peak appeared at a wave number of 1639 cm -1 was attributed to carbonate substitution [19] . Two small peaks at 2345 cm -1 and 2338 cm -1 were due to soluble CO 2 (g) in the ceramics material. The broad band observed at 3447 cm -1 indicated adsorbed H 2 O on the material. The bands observed at 617 and 1074 cm -1 corresponds to the internal modes of PO 4 3-group [20] . The SEM, EDAX and FTIR data were correlated with other reported results [21] .
In order to understand the changes in electrochemical nature during apatite formation, the AT and AHT Ti-6Al-7Nb specimens were subjected to polarization and electrochemical impedance spectroscopic (EIS) studies in Hanks solution. The potentiodynamic polarization studies were carried out for the AT and AHT Ti-6Al-7Nb alloy immediately after immersion in Hanks solution is shown in Fig. 3(a-b) . The polarisation curves of AT Ti-6Al-7Nb alloy for 0 th and 10 th day of immersion in Hanks solution showed an increase in current density in the anodic region, which can be due to an exchange of alkali ions present in the porous layer, identified from SEM and EDAX analysis. After the optimal day of immerison (10 th day), a significant shift of potential in the positive direction and a reduction in current density was observed. This observation can be attributed to the formation of an insulating layer over the surface. The polarization curves of AHT Ti-6Al-7Nb alloy for 0 th and 7 th day in Hanks solution observed that the current density on the 0 th day as well as on the 7 th day was low compared to AT. After immersion in Hanks solution for 7 days, the potential shifted towards nobler direction and the current density was almost constant. This behaviour can be attributed to densification of film during heat treatment. Further, a prolonged interaction of calcium and phosphate ions present in the Hanks solution forms a layer of apatite, which improves corrosion resistance [22] .
Electrochemical impedance spectroscopic studies were carried out for AT and AHT Ti-6Al-7Nb alloy in Hanks solution at different durations. The Bode plots of alkali treated Ti-6Al-7Nb alloy during various immersion periods (0 th , 5 th , 10 th and 11 th day) in the Hanks solution are shown in Fig. 4(a, b) . The Bode phase angle plots of AT alloy immersed in Hanks solution for various durations (Fig. 4a) showed two-time constant behaviour as the time of immersion increased. After the 10 th day of immersion, the change in capacitance was found to be insignificant. Hence, a stable layer was formed when AT alloy immersed in Hanks solution for 10 days. The Bode impedance plots of AT Ti-6Al-7Nb alloy in Hanks solution (Fig. 4b) showed that the resistance was high on 0 th day of immersion. However, the resistance value decreased as the time of immersion increased to 10 days, which might be due to a film thinning process or change in conductivity of ions or both of which are possible. The gel layer formed due to AT might undergo a dissolution with the exchange of Na + to Ca 2+ ions [16] . As the immersion time increased from 10 th to 11 th day, the resistance was almost constant, indicating no further change on the surface. th and 8 th day) in Hanks solution are shown in Fig.6 (a, b) . The Bode phase angle plot of AHT 
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Ti-6Al-7Nb alloy in Hanks solution (Fig. 6a) for different immersion periods showed the presence of two time constants. One of the time constants can be attributed to the alkali titanate gel layer formed during alkali treatment and the second time constant due to the new layer formed because of the interaction of solution ions with the treated surface. As the immersion period increased to 4 th day, the phase angle shifted to near -60º at the high frequency region. A unique phase angle shift was observed at intermediate region, which was not seen on 0 th day of immersion. This can be attributed to the ingression of solution ions on to the bare metal surface.
On the 7 th and 8 th day of immersion, the phase angle increased to -30º indicative of a total dissolution of gel layer. This was followed by new maxima with a phase angle shift to -50º, attributed to the complete formation apatite layer. The perfect capacitive behaviour in the low frequency region confirms the high protection of the apatite layer. Fig. 6b shows the Bode impedance plot for AHT Ti6Al-7Nb alloy and it was observed that the increase in immersion time, the impedance value decreased indicating the formation of a new layer.
The equivalent circuit used for fitting the impedance data for 0 th and 2 nd day of immersion was a model represented as R s (Q a ) (R g Q g ) (Fig. 7a) where R s , the solution resistance, R g , the resistance of gel layer, Q g , the capacitance of gel layer and Q a represents the capacitive behaviour of a new layer formed due to the interaction of solution ions with the gel layer. All the above observation for the first two days of immersion indicated dissolution of gel layer and formation of a new layer. It can be assumed that the formation of the new layer is associated to a dissolution / exchange process of gel ions with the solution ions. However, after 4 th day of immersion, the presence of an additional layer can be observed. This layer prevents the entry of aggressive (Cl -and O 2 -) ions present in electrolyte through the gel layer to the bare metal surface. This creates an opportunity for the formation of an oxide layer at the metal / gel layer interface, the barrier layer, which was observed only after the 2 nd day of immersion as the solution ions take a little time to penetrate through the densified sodium titanate hydrogel layer. The equivalent circuit used for fitting impedance data for 4 th to 7 th day of immersion is shown in Fig. 7b and the model was represented as R s (Q a ) (R g Q g ) (R b Q b ).
It can be noted that the capacitance of outer most porous layer decreased significantly compared to 0 th and 2 nd day of immersion. This can be attributed to the thickening of the apatite layer. The capacitance of the gel layer, increased with increase in time, while the resistance of the gel layer decreased. This can be associated with gradual dissolution of gel layer attaining an equilibrium state, where, the ion exchange process no longer leads to an effective product. In case of barrier layer, both the R b and Q b values remained constant and no further reaction takes place. Hence, it can be concluded that the alkali heattreated alloy possess a triplex layer after immersion in Hanks solution for optimum duration. Moreover, the high R b values indicated the compact nature of the barrier layer.
CONCLUSION
The surface morphological studies and FT-IR spectroscopic results for treated alloys showed spherical form of apatite over the metal surface. The electrochemical studies showed the AHT specimens exhibited nobler potential than the AT specimen indicating the formation of stable film. The layered surface of the treated alloy was distinctly identified using the electrochemical impedance spectroscopy. The EIS plot for AT Ti-6Al-7Nb alloys indicated the presence of a bi-layered structure, one layer due to a thin film of TiO 2 (barrier layer) and the other due to the apatite. The impedance plot for AHT alloys showed a triplex layer, indicating the presence of an apatite layer, densified gel layer and a highly resistive barrier layer.
